Abstract. In this paper we propose a novel interaction technique that creates the illusion of tactile exploration of museum artefacts which are otherwise impossible to touch. The technique meets the contextual necessity, often requested by museum curators, to background technology and to direct the focus of the museum visitor's experience to the artefact itself. Our approach relies on the combination of haptic interaction and the adaptation of a well-known illusion that enables museum visitors to make sense of the actual physical non-touchable artefact in an embodied way, using their sensory and motor skills. We call this technique Haptic Augmented Reality.
Introduction
Touch is part of a larger complex of senses which interrelates mental and bodily processes, the haptic sense. Haptic exploration is a fundamental experience that assists people in perceiving and making sense of the physical world around them. The sensory information of the museum exhibits, particularly surface texture and material, is particularly important for museum visitors since the artefacts themselves are the center of the social, educative and entertaining experience of a museum visit. Whilst the value of touch experiences can be debated there is a growing literature on sensory engagement in museums which seeks to redress the imbalance which has traditionally allowed the visual sense to dominate [10] [14] . The emphasis on touch experiences in heritage settings and museums has emerged as a distinctive trend from this exploration [6] [24] alongside discussions of sensory perceptions of materiality as social constructs within both past societies and our own with the two not necessarily coinciding [15] . The value of touch has thus received nuanced debate within museums studies and has been explored as a related set of sensory concepts [23] . A feature of the role of touch has been the emotional connections of objects and people and the charisma of objects where it is possible to see ancient artefacts displayed in museums as having an extended object biography bringing them into our contemporary cultural context [10] [16] .
Within digital technologies and computer applications a number of views and directions have emerged but the heritage sector in general is seeing a range of developments in the applications of haptic and virtual presentations of objects within museums [11] [5] [8] . In the networking cluster described more fully below the concerns of heritage sector curators, exhibitions officers and conservators was not so much on the value of adding touch experiences to the museum experience but on how to balance curating the objects whilst providing touch experiences. The charisma of objects and the desire of people to touch them were acknowledged. Well-known objects were seen as particularly problematic. That is why the focus of the installations discussed here was one of the Lewis chess pieces as these objects are amongst the most popular artefacts in the whole of the collections within the National Museums Scotland.
Design Process
Virtual handling of museum artefacts lies within a complex context of different professional practices, technological development and end-user needs. As part of the Science and Heritage programme funded by EPSRC-AHRC, Linda Hurcombe led an international project bringing researchers from different disciplines into a networking cluster focused on 'Touching the Untouchable: increasing access to archaeological artefacts by virtual handling'. It was therefore appropriate to adopt a design led user-centred approach that would bring the many experts involved in a creative dialogue. The interaction technique we present in this paper was one of the outcomes of two design-led workshops that took place for two days each over the period of six months. Many of the key-issues that are related to curatorial practice and technological development were described and discussed in the first workshop, and prototype ideas were developed and presented in a second workshop six months later. From the first meeting of this group it was evident that there were multiple issues faced by the heritage sector and many potential ideas for solutions.
The workshops involved 26 participants from 19 institutions and 6 countries. Disciplines included archaeology, conservation and curation together with art and interaction design, computer science and haptic human-computer interfaces. Representatives from small and national museum collections, artifact specialists, the National Trust, Historic Palaces, the Royal National Institute for the Blind attended and all presented different points of emphasis offering a richly textured insight into professional practices. The transdisciplinary nature of the first workshop allowed key issues to be raised and discussed from a plethora of perspectives, while design sessions involved participants in collaborative hands-on work and cultivated a number of ideas that were developed as first prototypes and evaluated in the second workshop.
On the first day participants gave short position presentations on their work and the key issues as they saw them. There were also demonstrations of museum specimens and haptic technology. The second day consisted of a plenary session where stakeholders discussed a broad range of themes and opportunities arising from the previous day. Topics included haptic device capabilities, archaeology research agendas, curation and end users and the potential benefits of virtual handling.
Key issues that were raised included:
• Haptic installations may deflect interest away from the ancient items on show both physically and conceptually.
• The technology for virtual touch needs not to overwhelm its physical setting e.g. a museum gallery and must be able to cope with the visitor numbers (i.e. size of machine, noise, ease of use)
• Can haptic experiences get away from the computer desktop?
• Products and solutions could be expected to be diverse according to the kind of user and their setting. Rapid-prototyping could be explored for its practical issues and scope.
• Financial mechanisms for public display varied and virtual technologies need to be assessed against the robustness of device and costs to set up and expertise to maintain them.
The focus of the present paper is on two of many more prototypes which were developed in response to these key issues and which were presented in the second workshop for testing and evaluation. They were well received by the stakeholders and after some corrections were made, they were deployed and evaluated in two museums: the National Museum of Scotland in Edinburgh and the Orkney Museum in Kirkwall. These evaluations and prototypes flowed from the first networking grant which pursued them to proof of concept stage. More recent work was undertaken as part of a second grant also led by Hurcombe within the Science and Heritage programme which allowed them along with some of the other ideas to be given more extensive public trials and development. The full range of installations developed is covered elsewhere [17] but here the focus is on one famous object presented in two contrasting ways.
3
The Prototypes
The museum exhibit that was used is an iconic 12th century Scottish artefact known as the Lewis Queen chess. The artefact is displayed in the National Museum of Scotland behind a glass case. Both prototypes use the same visual illusion but employ different media, one digital and one non-digital. The visual illusion is borrowed from the theatre tradition and is called Pepper's Ghost. A large sheet of glass is placed between the audience and the stage. A ghostly image of an actor below the stage is then projected onto the glass giving the illusion that a ghost is on stage with the actors. Using the Pepper's Ghost illusion we employed two different media, a 3-D printed replica of the chess piece and a haptic device. Both used the glass of the museum case itself as a reflective surface thus ensuring that the focus was the real object or the haptic experience.
The replica was created by laser scanning the original artefact, mirroring it to the original (i.e. lateral inversion of the scan data before printing) so that the user's experience would match the object in the case. The need to present mirror images as part of virtual reality and co-location interfaces is part of virtual reality issues [3] [18] . The replica was then painted black so that it would absorb light thereby reducing its reflection in the glass case. The replica is placed facing the chess piece at an equal distance from the display glass (Fig.1) . When a user places her hands on the replica and concentrates her gaze at the original piece behind the glass, she can see her hands reflected in the glass apparently touching the real artefact in the display case (Fig.2) . Because she sees the actual artefact (and her hands) and touches the replica she experiences the sensation that she is actually touching the artefact itself. The illusion is further strengthened by placing a cover over the replica to shield it from the user's direct gaze. This cover also contains a light to illuminate the user's hands so that their reflection is brighter.
Fig. 1. The Lewis Chess piece behind the glass and the mirrored 3-D printed replica
The second prototype uses the same illusion but employs a Sensable™ Omni 6DoF haptic device instead of the user's hands. The haptic device is placed outside the display case and positioned towards the left of where the replica was so that the reflection of the pen-like stylus of the haptic device is positioned close to the artefact in the display glass. Instead of a replica, a haptic model created from the laser scan of the artefact is algorithmically positioned into the haptic device's workspace at an equal distance from the display case (Fig.3) . The haptic version is invisible but the model can be traced and felt in the physical space by moving the stylus using the same combined visual and haptic feedback as with the replica prototype.
Fig. 2. Visitor interaction with the replica. Her gaze is concentrated at the original artefact behind the glass
This is a novel way of using a haptic device for immersing museum visitors into a deep understanding of the museum exhibits. In [19] museum visitors explore the surface of a digital daguerreotype case from the collection of the Natural History Museum of Los Angeles County. Similarly, the Haptic Museum, developed in the University of Southern California, is a haptic interface that allows museum visitors to examine virtual museum artefacts with a haptic device [21] . The 'Museum of Pure Form' is a virtual reality system that allows the user to interact with virtual models of 3-D art forms and sculptures using haptic devices and small-scale haptic exoskeletons [1, 2] . The Senses in Touch II, which was installed in the Hunterian Museum in Glasgow, was designed to allow blind and partially-sighted museum visitors, particularly children, to feel virtual objects in the collection via a PC and Wingman haptic mouse [13] . The projects described above have used detailed virtual models of the museum artefacts and allowed the visitor to explore them with the haptic technology. Our goal was to diverge from the computer screen, and use the haptic technology in a way that evokes direct haptic interaction with the physical artefact without actually touching it providing the illusion of doing so.
Equally, the Pepper's ghost technique has been used in the Virtual Showcase, a mirror-based interface for viewing real artefacts augmented with virtual geometry [3] . In Virtual Showcase no touch is used as the focus is on adding additional virtual objects and other elements onto the real object. ARToolkit-based optical tracking is used for tracking the user's head movement in real time to ensure collocation with the virtual components. Head tracking was important in the Virtual Showcase because of the virtual geometry. In our prototype no tracking of the head is required. As long as the Fig. 3 . The haptic device prototype replica or the invisible haptic model are placed in exactly the same orientation and same distance from the surface of the glass case, the illusion of co-location is preserved under all translations and rotations of the viewing angle which preserve a direct line of sight from the viewpoint through the case wall to the real artefact.
Embodiment and Sense-Making
Our interaction with the world around us is embodied and multi-modal and we make sense of the world by enacting in it. Enactive knowledge is direct, in the sense that it is natural and intuitive, based on the perceptual array of motor acts. The goal of both prototypes was to create an embodied and immersive experience for the visitors in order to provide a sense of authenticity for the ancient artifact. Embodiment and situated cognition places interaction at the center of meaning making and extends the concept of mind to include the body and environment [25] , [7] , [22] .
The illusion of manipulation that the presented interaction technique creates can be explained as directly analogous to a classic experiment in situated cognition and perceptual plasticity [20] . A subject places their hand on a table hidden behind a partition. On the other side of the partition they can see a dummy hand. Their real hand and dummy hand are touched by fingers of a researcher which are synchronized to touch in the same place at the same time but the subject can only see the finger that touches the dummy hand not the one that touches their real hand. After a short time the subject perceives the dummy hand to be their own. In the two prototypes, the visual stimulus of the researchers visible finger is replaced by the reflection of the users own hands or haptic probe. The synchronized haptic stimulus is provided by the subjects' fingers touching the replica or felt through the haptic device when it collides with the invisible virtual 3d model of the artefact. The haptic device enables haptic exploration and sense-making through multi-modal motor action which makes them an enactive interface [12] . The combination of haptic and visual feedback in both prototypes enriches the array of senses during the interactive experience and creates more dimensions of embodiment than having only visual cues.
Evaluation
The replica based prototype is created using digital technology of laser scanning, 3D modelling and rapid prototyping but is itself a non-digital tangible interface. It offers a simple, robust and apparently technology free interaction backgrounding technology entirely. The haptic device is a digital interface and uses the same laser scan to build its virtual haptic model. Our intention is to compare these two prototypes in a real museum setting. It is a challenge to evaluate user experience that is closely related to embodied, tacit understandings, such as in this case. The evaluation goals concern subjective opinions of visitor focus, degree of engagement and phenomenological experience. As these goals are subjective and not easily mapped to any objective quantifiable factor our evaluation was a combination of gathering feedback, verbal or written, and close observation of the way the visitors used the interface, their gestural motions as well as the social interaction among them during their experience.
We were present at all time next to the exhibits and were interacting with the visitors, observing their interaction with the artefact through both interfaces, having informal discussions about their experience, often using probing questions, and triggering their reflection when something would break their experience. The visitors were then asked if they would like to fill in a qualitative questionnaire. They were then asked to rate with a 5 point Likert Scale (from strongly disagree, disagree, neutral, agree or strongly agree) the following statements:
1. It is important to engage more senses than the visual as part of the museum experience. 2. The installation/replica gave a sense of how the ancient object would feel. 3. The installation/replica was straightforward to use. 4 . Because of the installation/replica there was a better understanding of the ancient objects. 5. Overall, the installation/replica enhanced the museum experience.
They were also prompted to write any more detailed comments.
Both prototypes attracted a number of visitors most of whom were eager to discuss with the researchers and learn more about the project as well as its technical details. A large number of visitors would stay for a considerable time and explore the possibilities of the interface, giving us verbal feedback and discussing details of its use. As only one person at a time could use each prototype, visitors would gather around and watch, conversing with one another and with the researchers until it was their turn. Children were particularly drawn to the installations and they were the ones to stay longer and explore it. This shows that both interfaces can enable playful engagement.
There were 60 questionnaire responses over the two days installation at the National Museum of Scotland and the two days at the Orkney Archaeological Museum. The initial empirical results demonstrated the potential of both prototypes to provide a novel embodied experience of untouchable artefacts. Visitors' comments were very positive for both prototypes but particularly for the replica.
The rapid prototype installation successfully produced the sense of haptic exploration of the chess piece in a natural and simple way. The setup synchronised the visitors' visual and haptic cues, and consequently, their interaction with the replica was directly translated as interaction with the real statue. One visitor commented 'As I felt it, I felt like I was touching the one in the reflection and not the replica'. Another one said that it 'feels real and that you feel more connected to its history'.
One drawback of the replica installation was the double image of the hands on the glass created by the refraction of the light on the perplex glass. A few visitors found this a bit distracting, though not detrimental to the whole experience. The double image can be corrected in future versions by calculating optical parameters based on a specific position where the visitor will be standing. Another interesting comment made by three visitors was that the texture of the replica should be improved to match as much as possible the material of the original piece. This would improve the perception of the exhibited piece and will be taken forward in future designs.
The main drawback of the haptic interface that was reported from the discussions and written comments was that the haptic device could not provide a detailed outline of the statue. Most visitors could not easily perceive the fine details of the statue with the stylus. One reason for this was the size and detail of the exhibit. The installation could work very well for larger objects or small objects with little details. The lack of precision can be slightly improved by developing a more sensitive collision detection system between the haptic device controller and the haptic geometry which allows for more detailed tracing of the carved details. One of the future tests is to use an artefact with few details and compare user responses, both verbal and bodily, with those received in this study. The aim will be to investigate the extent to which the interface conveys sufficient realism starting from relatively simple objects. The lack of detailed information was also attributed to the single-point contact of the device compared to the multi finger touch of the hands.
Discussion
The visitors agreed unanimously that the combination of visual and haptic cues gave a much better sense of the object, and increased the sense of authenticity in comparison to just viewing it in its case. Because of the size of the chess piece, some visitors commented that a seated position would bring the piece on their eye height and reduce the fatigue from standing up and using the interface. The comparison between the haptic device and the replica showed that the multifinger tactile interaction with the replica produced considerably richer information than the single-point contact of the haptic device. The surface texture and material of an artefact plays a significant role when exploring haptically an object and the Phantom haptic device cannot provide this level of haptic rendering at sufficient quality. The authors acknowledge that a single contact point is relatively little information compared to the amount of haptic sensations that a finger can give by touching a texture or a complex surface. The key issue is whether small additions to the museum experience are worthwhile.
The two different installations allow comparative assessments on such issues which add to the current literature on heritage applications of haptic and virtual experiences with objects. Our research juxtaposed two different experiences to the same object allowing for direct comparisons. The relative costs, maintenance issues, and ease of use, as well as the visitor feedback and comments all pointed in favour of the computer mediated but physical replica compared to the active haptic device. Yet without the trial this was not a predictable outcome as the readiness of visitors to engage with the virtual reflection and the coalignment of visual hand image with touch experience was one of the key trial results. In contrast, the haptic pen could have been handled by visitors in much the same way as a simple wooden stick could be drawn across the face of a textured object to probe aspects of its morphology and textures.
The trial results certainly relate to cognitive perception but they also relate back to the clear directive of the end-users: to hide the technology and for it not to overwhelm the visitors. Visitors were clearly more comfortable aligning real touch of a hidden replica co-located with a virtual reflection than working an obvious computer-related largely unfamiliar device. Though the design of the pen was fairly robust and easy to use as a device once shown, not many visitors knew about haptic pens and the device by its nature could not be hidden. These are important aspects in the willingness of visitors to engage with unfamiliar technologies versus their desire to interact with objects within glass cases. Such results have been highlighted in other research [5] [11] reinforcing our conclusion that the familiarity of the touch experience at the level of embodied practice can affect visitor perceptions but that as haptic devices are developed and become more mainstream experiences they can more easily be applied. Still, these statements are based on observing the visitors' readiness to engage with the installations and from some visitor comments about preferences between the two. It is more difficult to attribute this to familiarity versus immediacy which the replica presents stronger than the haptic pen whether produced by 3D printing or other means.
Finally, the 3D print technologies are reducing in price and are now not so expensive. Compared to using a PHANToM, the 3D printed replica is a lower cost solution.
Further Developments
Further innovations have been explored within the project to give better textures and tactile qualities such as weight and more personal interactions but these raise many other issues which require fuller discussion elsewhere [17] .
The results from the comparison between the two interfaces indicated that the haptic device prototype provides a less complex sensation of the artefact. However, there is ample scope for the use of haptic devices within this setup if the interaction mechanism is enriched with dynamic elements and other modalities, for example with sound feedback, extra touchable geometry, explanations, and texture all of which can be dynamic, personalized information. While this can be equally possible with the replica (e.g. by using depth cameras to calculate the hands position), the implementation through a haptic device is much easier and cost-effective.
Another development that is particularly for the haptic device prototype is to use the interface with museum artefacts that have missing parts as the device can be used to feel the invisible missing piece. In addition, a draw function can be implemented through which users can draw extra geometry. In [9] an early research on this process is presented, and the Virtual Showcase [3] that was mentioned in the literature review also allows the presentation of stereoscopic images overlaid on top of real objects. We envisage that this study will have numerous applications in museum research as well as learning.
Conclusion
We have presented a novel haptic interaction paradigm which gives the impression of direct haptic interaction with museum artefacts in their display cases. The prototypes solve the problem of technology taking focus from the artefact as attention is not on a graphic display or replica but the real artefact itself. The approach was tested in a real Museum environment and was found to provide enhanced engagement with a real precious artefact. Compared to the digital prototype, the non-digital conveyed richer sensory information about the artefact during interaction. However, the digital interface offers the opportunity for easily adding extra interactive elements that can enhance immersion. While much remains to be done, our work shows that the technique we developed has the potential of becoming a useful way of evoking multimodal embodied exploration of intangible artefacts, with significant educative and economic advantages for museums and similar exhibition and learning spaces.
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